؉ T cell responses and shifting it to a subdominant position. The shift in immunodominance occurred due to a reduction in antigen uptake and the reduced cross-presentation of NP396, a major LCMV immunodominant epitope that is efficiently cross-presented. Moreover, the altered immunodominance was dependent on TLR stimulation occurring at the site of infection. Finally, as lipopolysaccharide failed to induce the same phenomenon, the data suggest that these findings are dependent not only on the dual engagement of the TRIF/MyD88 pathways but also on how TLR agonists activate antigen-presenting cells. Taken together, our data demonstrate a novel role for TLR ligands in regulating antiviral CD8
CD8
ϩ T cells are important in clearing viral infections (4, 40) . Despite the molecular structural complexity of most viruses, CD8
ϩ T cells respond to a small subset of viral epitopes through a process termed immunodominance (44) . This mechanism allows different viral epitopes that activate CD8 ϩ T cells to various degrees to be organized into a hierarchy. Within this hierarchy, immunodominant epitopes will induce the expansion of a greater number of CD8 ϩ T cells than subdominant ones (44) . Immunodominance is influenced by complex factors, which include viral load, site of infection, and the kinetics of viral protein expression (24, 30, 39) . In addition to this, T cell-related factors, which include T cell receptor (TCR) avidity and naïve CD8 ϩ T cell precursor frequencies, also are important considerations (15, 17, 32) .
Major histocompatibility complex class I (MHC-I) antigen presentation, in which peptide affinity to MHC-I molecules and the stability of peptide-MHC complexes are two major factors, is another key event that contributes to immunodominance (44) . The presentation of MHC-I antigens occurs via two pathways: direct presentation and cross-presentation. Direct presentation is the process by which infected antigenpresenting cells (APCs) present peptides derived from proteins present in their own cytosol (4, 36) , whereas cross-presentation occurs when professional APCs (pAPCs) present peptides derived from exogenous antigens obtained from other infected cells (4, 36) .
Recently, a number of reports have suggested an association between immunodominance and cross-presentation. It has been demonstrated that subdominant epitopes are weakly cross-presented compared to immunodominant epitopes (21) . In another study, cross-presentation was observed only for immunodominant epitopes (22) . Moreover, using the lymphocytic choriomeningitis virus (LCMV) infection model, we observed better cross-presentation for LCMV-nucleoprotein 396 (NP396) than for LCMV-glycoprotein 33 (GP33); both epitopes are immunodominant after virus infection (2) . However, the cross-priming of both epitopes was comparable in vivo due to the high GP33 T cell precursor frequency (2) . Thus, certain viral epitopes need to be cross-presented to attain a high position in the immunodominance hierarchy (2, 21, 22) . However, how this phenomenon is affected in the presence of microbial stimulation is unknown.
During infections, pAPCs employ various receptors to sense pathogen-associated molecular patterns, e.g., Toll-like receptors (TLRs) (6) . The interaction of TLRs with their TLR ligands (TLR-L) affects the maturation and activation of pAPCs (13) . Due to TLR activation, pAPCs express high levels of costimulatory molecules and secrete several cytokines depending on the TLR-L (7, 29) . Previous reports that examined ovalbumin (OVA) antigens showed that TLR3-L engagement promotes cross-presentation (8, 28) . However, other reports have shown that APC activated by exposure to TLR3-L do not cross-present subsequently encountered antigens (11, 41) . Furthermore, if the activation of APCs persists in vivo, then crosspriming is impaired and virus-specific cytotoxic T lymphocyte (CTL) activities are hindered (41) . This situation may be particularly relevant during secondary infections due to the presence of multiple TLR-L. Moreover, our group and others have demonstrated that combined TLR activation can induce immune cell activation different from that induced by a single TLR-L (29, 33, 45, 46) . Despite the numerous reports examining TLR-L influence on immunity, their effects on immunodominance during virus infection have not been examined previously.
In this study, we report that coadministering TLR2-L and TLR3-L (designated TLR2ϩ3-L) during LCMV infection sig-nificantly alters the CD8 ϩ T cell immunodominance hierarchy by reducing NP396-specific CD8 ϩ T cell responses, which allowed the subdominant epitope, GP276, to achieve a more dominant position. The mechanism accounting for this was associated with the reduced cross-presentation and cross-priming of the NP396 immunodominant epitope. Therefore, our data provide new insights into how TLR engagement can alter the primary immune response during virus infection.
MATERIALS AND METHODS
Mice, cells, and reagents. The following TLR-L were purchased from Cedarlane (Hornby, Ontario, Canada): polyinosinic polycytidine acid (pIC) (TLR3-L) and Pam3CysSerLys4 (pam3csk4) (TLR2-L). C57BL/6 (H-2 b ) mice (6 to 8 weeks old) were purchased from JAX Labs (Bar Harbor, ME). Animal experiments were carried out in accordance with the guidelines of the Canadian Council of Animal Care. LCMV-WE originally was obtained from F. Lehmann-Grube (Hamburg, Germany) and was propagated and titrated as previously described (9) . For in vivo virus titration, spleens were isolated on days 5 and 7 postinfection (p.i.) and homogenized in 1 ml Dulbecco's modified essential medium (DMEM), and supernatants were titrated onto MC57 monolayers by an immunofocus assay as previously described (30) .
As antigen-presenting cells, BMA cells (a gift from K. Rock, University of Massachusetts Medical School, Worcester, MA) or bone marrow-derived dendritic cells (BMDC) (29) were used. BMDC preparations were described previously, and cells were used 7 days after culturing. HEK293 or HEK-NP was used as antigen donor cells as previously described (2, 5) . All media were purchased from Invitrogen (Ontario, Canada).
NP396-specific CTLs were generated as previously described (1, 5) . Briefly, mice were injected with 200 PFU LCMV-WE intravenously (i.v.). Four weeks postinjection, spleens were harvested and lymphocytes were purified by Ficollgradient centrifugation using lymphocyte separation medium (Fisher Scientific, Whitby, Ontario, Canada). Purified splenocytes then were restimulated with peptide-pulsed (10 Ϫ7 M), ␥-irradiated (4,500 rads) APCs at a ratio of 10:1 in the presence of 20 U/ml IL-2. On day 6, the cells were purified by Ficoll-gradient centrifugation again and resuspended in CTL medium for 2 days before testing in functional assays. Isolation of intrahepatic lymphocytes. To measure intrahepatic T cell activation ex vivo, cells were isolated as previously described (39) . Briefly, livers were homogenized and incubated in 10 ml digestion medium composed of 0.25 mg of collagenase B (Boehringer Mannheim)/ml and 1 U of DNase (Sigma-Aldrich, Oakville, Ontario, Canada)/ml at 37°C for 45 min. The homogenate was pelleted, resuspended in 44% Percoll (Sigma), and underlaid with 56% Percoll. The homogenate then was centrifuged at 850 ϫ g for 20 min. The intrahepatic lymphocytes were isolated from the interface, and red blood cells were lysed using lysis buffer (1.66% [wt/vol] NH 4 Cl).
Intracellular cytokine staining (ICS).
For the ex vivo analysis of T cell activation, gamma interferon (IFN-␥) production by CD8 ϩ T cells was performed in peptide restimulation assays (30) . Splenocytes were incubated with APCs (BMA cells) at an APC/responder ratio of 1:10 in the presence of brefeldin A (10 g/ml). /well) were stained using 0.5 to 1 g of FITC-labeled NP396 and GP276 tetramers (obtained from the NIH tetramer facility) for 10 min at 37°C. Splenocytes then were stained with PE-Cy5-conjugated, rat anti-mouse CD8␣ clone 53-6.7 (Cedarlane) at 4°C for 30 min. Cells were washed twice, and data were acquired using FCM.
In vivo cytotoxic assays. The in vivo killing assay was performed as previously described (9) , with some modifications. Briefly, mice were injected with virus and TLR-L individually or in combination as in the immunodominance experiments. Five days postinjection, mice were injected with 1 ϫ 10 7 control 0.5 M carboxyfluorescein succinimidyl ester (CFSE)-labeled splenocytes and NP396-pulsed 1 ϫ 10 7 2.5 M CFSE-labeled splenocytes. After 16 h, spleens were harvested and analyzed by flow cytometry for the specific killing of NP396-labeled target cells. Percent killing was assessed using the following equation: specific killing ϭ 100 Ϫ [(% peptide pulsed/% unpulsed in infected mice)/(% peptide pulsed/% unpulsed in naïve mice)] ϫ 100).
Antigen presentation assays employing peptide-specific CD8 ؉ T cells. For measuring antigen presentation ex vivo, mice were injected subcutaneously (s.c.) with 500 PFU LCMV-WE along with pIC and pam3cysk4 individually or in combination. Twenty-four h postinjection, splenocytes were isolated after lysing red blood cells using 1.66% (wt/vol) ammonium chloride. Splenocytes were placed in plastic petri dishes for 2 h to allow for pAPC adherence. pAPCs were harvested using a cell scraper and incubated with CTL lines (APC/responder ratio of 1:1). Direct antigen presentation was measured using ICS.
For cross-priming assays, lysis and UV-irradiated (LYUV)-treated HEK-NP cells were used as antigen donor cells and were prepared as previously described (1, 5) . HEK-NP cells are HEK cells transfected with LCMV-NP. As these cells do not express mouse MHC molecules and they are introduced as dead cells in the mice, the presentation of the NP epitopes to T cells can occur only if the epitopes access the cross-presentation pathway. Here, cells were induced to undergo death by LYUV treatment by subjecting cells to one round of freezethaw (liquid N 2 ) followed by UVB radiation at an intensity of 200,000 J/cm 2 for 10 min using a CL-1000 M UV cross-linker (Ultra-Violet Products Ltd., Cambridge, United Kingdom). To test for cross-priming, mice were injected with LYUV HEK-NP cells (7 ϫ 10 6 ) and TLR-L. After 7 days, epitope-specific CTLs were quantified by performing ICS as previously described (2, 5) .
Phagocytosis assays. Mice were injected i.v. with 4 ϫ 10 6 PKH2-labeled, LYUV-treated HEK cells with or without TLR-L. After 4 h, splenocytes were isolated and APCs were obtained by adherence to plastic petri dishes for 1 h. APCs were stained with anti-mouse CD11c-PE or CD11b-PE-Cy5 for 15 min, and uptake was measured using FCM. We gated on cells that were double positive for CD11c or CD11b, and PKH2 indicated the percent phagocytosis. Antigen uptake by untreated mice was assigned an arbitrary value of 100, and changes in uptake by TLR-L-treated mice were plotted relative to this value.
Statistical analyses. Statistics were performed using the paired, two-tailed t tests, and differences in results between specified conditions were deemed significant when P Ͻ 0.05.
RESULTS

Presence of TLR2؉3-L alters LCMV-specific CD8
؉ T cell immunodominance hierarchies during infections. In an immunization protocol, combined TLR-L administration with an antigenic peptide was reported to enhance immune responses by inducing the clonal expansion of peptide-specific CD8 ϩ T cells (45, 46) . To further explore this phenomenon from a different perspective, we questioned if multiple TLR engagement during infection could influence CD8 ϩ T cell immunodominance hierarchies.
To address this question, mice were injected s.c. with 500 PFU LCMV-WE along with 100 g pIC, 20 g pam3cysk4, or with both TLR-L. Spleens were harvested 8 or 12 days p.i., and epitope-specific CD8 ϩ T cells were enumerated and their functions assessed via ICS assays ( Fig. 1A and B) . As expected, LCMV-specific CD8 ϩ T cells exhibited the same immunodominance hierarchy in the spleen as that naïve mice at both 8 and 12 days p.i., i.e., GP33 and NP396 assumed the immunodominant position and GP276 and NP205 were subdominant ( Fig. 1A and B) (30) .
When we injected mice with TLR3-L together with virus, we observed an immunodominance profile similar to that of mice injected with virus alone, albeit with a lower percentage of epitope-specific CD8 ϩ T cells. With TLR2-L, we observed a slight shift in the hierarchy between the immunodominant epitopes, in which GP33 is the most immunodominant epitope, followed by NP396 in the ␤ position. However, when we injected mice with TLR3-L and TLR2-L in combination, we observed a statistically significant 2-fold reduction in the percentage of NP396-specific CD8 ϩ T cells, thereby changing the immunodominance hierarchy. Here, we observed that GP33 retains the ␣ position, GP276 the ␤ position, and NP396 and NP205 assumed the subdominant positions (Fig. 1A) . Moreover, the altered hierarchy of these epitopes due to TLR3-L and TLR2-L was even more pronounced at day 12, indicating that this phenomenon was not restricted to a single time point of analysis (Fig. 1B) .
We confirmed these data by estimating the number of epitope-specific T cells from the ICS data by calculating the percentages and translating back to the total number of splenocytes obtained as described in Materials and Methods. We performed these analyses to control for the variations in the number of splenocytes obtained in the spleen due to TLR administration. The data shown in Fig. 1C and D confirmed the immunodominance profiles obtained in Fig. 1A and B, in which combined TLR2ϩ3-L administration reduced NP396-specific CD8
ϩ T cells and shifted the immunodominance hierarchy.
Since administering TLR-L s.c. induces an accumulation of dendritic cells and enhanced CD8 ϩ T cells in regional lymph nodes (20) , we tested the immunodominance hierarchy in the draining inguinal lymph nodes. We performed our analyses on day 12 p.i., as this was the time point that revealed the most significant changes in the immunodominance of the LCMV epitopes tested. The data depicted in Fig. 1E demonstrate that the coadministration of TLR3-L and TLR2-L reduced NP396-specific CD8 ϩ T cells in inguinal lymph nodes, again affecting the immunodominance hierarchy by day 12 (Fig. 1E ) in a manner similar to that observed in the spleen.
We determined whether administering TLR-L s.c. alters the immunodominance hierarchy in nonlymphoid tissues, such as the liver, compared to that observed in the spleen and the draining lymph nodes. At day 12, we observed that administering both ligands reduces NP396-specific CD8 ϩ T cells in the liver, shifting the immunodominance hierarchy (Fig. 1F) . Taken together, the data demonstrate that the administration of combined TLR3ϩ2L alters immunodominance hierarchies of LCMV epitopes by reducing the number of NP396-specific CD8 ϩ T cells. Although NP396-specific CD8 ϩ T cells were reduced due to the combined TLR-L treatment, we could not detect any significant reduction in the number of total CD8 ϩ T cells compared to the level of the virus-alone condition (data not shown).
To further substantiate our findings, we quantified epitopespecific CD8 ϩ T cells NP396 and GP276, whose positions in the hierarchy were changed by combined TLR administration, using tetramer analysis ( Fig. 2A to C) . The data depicted in Fig. 2A to C demonstrate that the coadministration of TLR3-L and TLR2-L reduced NP396-specific CD8 ϩ T cells at day 12, suggesting that combined TLR administration reduced the expansion of NP396-specific CD8 ϩ T cells and not the cells' ability to produce IFN-␥.
Taken together, the data revealed that the administration of combined TLR3ϩ2L alters immunodominance hierarchies of LCMV epitopes by reducing numbers of NP396-specific CD8 ϩ T cells. Although NP396-specific CD8 ϩ T cells were reduced due to the combined TLR-L treatment, we could not detect a reduction in the total number of CD8 ϩ T cells compared to that of the virus-alone condition (data not shown).
Administration of dual TLR2؉3-L in combination affects viral load in vivo. As NP396-specific CD8 ϩ T cells are most efficient at clearing LCMV infections (12) , one would expect that reduced NP396-specific responses would result in a delay in virus clearance. To address this, we first measured virus clearance under these conditions. Mice were injected s.c. with 500 PFU LCMV-WE along with 100 g pIC or 20 g pam3cysk4 individually or in combination, and then LCMV was titrated in the spleen 5 or 7 days p.i. (Fig. 3A) . At day 5, we did not observe any differences in LCMV titers when mice were injected with TLR-L in combination with virus compared to titers for mice injected with virus alone; however, at day 7, we observed reduced virus clearance when mice were injected with TLR3-L. Interestingly, we observed enhanced virus clearance when mice were injected with TLR2-L alone. In contrast, when TLR3-L was combined with TLR2-L during virus infection, it resulted in a slight but significant increase in the viral yield detected at day 7 compared to that of virus alone and a significant increase compared to that of the TLR2-L. Thus, the benefit gained in viral clearance with TLR2-L alone was totally reversed when the dual ligands were administered. By day 12, we could not detect any virus in any of the conditions (data not shown).
We determined whether administering TLR2-L and TLR3-L during virus infection affected the quality of NP396-specific CD8 ϩ T cells by measuring the cytolytic ability of NP396-specific effector CD8 ϩ T cells in vivo. Mice were injected s.c. with 500 PFU LCMV-WE along with 100 g pIC and 20 g pam3cysk4 in combination, and 6 days later mice were injected i.v. with CFSE-labeled NP396-specific target splenocytes from syngeneic mice. After harvesting spleens 16 h later, we observed that coadministering TLR2ϩ3-L resulted in the reduced efficiency of in vivo killing (49 versus 95%) compared to that for mice that were injected with virus alone (Fig.  3B) . The reduced efficiency of in vivo killing in mice administered TLR2ϩ3-L was observed as early as 5 days p.i.; however, by day 7, we could not detect differences in killing in vivo (data not shown). Taken together, these data demonstrate that ad-ministering TLR2ϩ3-L can affect antiviral immunity in vivo by lowering the numbers of NP396-specific CD8 ϩ T cells (Fig. 3) . Analyses of APC activation and LCMV-NP396 antigen presentation. To determine whether the activation state of pAPC was affecting antigen presentation in our model, we injected mice as described above and isolated APC from spleens 24 h p.i., and we found increased CD86 expression when mice were injected with LCMV alone compared to that of naïve mice, ϩ T cells that are tetramer positive for NP396 or GP276 were estimated. Controls (C) represent infected spleens with CD8 ϩ labeling to adjust for the compensation. Naïve splenocytes stained with the same tetramers gave similar background data (data not shown). For immunodominance analyses between TLR-L-treated and untreated mice, the condition where NP396 becomes subdominant is depicted by an asterisk.
FIG. 3. Presence of dual TLR2ϩ3L during virus infection affects antiviral responses. (A)
Virus titers were determined in spleens 5 or 7 days p.i. from mice infected with 500 PFU LCMV and pIC (100 g) and pam3cysk4 (20 g). n.d., not detected. Data shown are averages Ϯ standard deviations and represent one of three experiments. Statistical analyses comparing TLR-L-treated to untreated mice are depicted in the corresponding columns, and P Ͻ 0.05 was considered significant. (B) For in vivo cytotoxicity assays, mice were injected with TLR-L and LCMV. Five days later, target syngeneic NP396-labeled splenocytes were used for the assay as described in Materials and Methods. Splenocytes were isolated 16 h later and analyzed for specific killing by comparing ratios of CFSE-labeled cells. Histograms are representative of in vivo killing (i), and representative data are from three independent trials Ϯ standard deviations (ii).
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on August 29, 2017 by guest http://jvi.asm.org/ indicating that virus infection enhanced costimulatory molecule expression (Fig. 4A) . Moreover, the administration of TLR3-L, TLR2-L, or TLR2ϩ3-L along with virus further increased CD86 expression compared to that of virus alone (Fig.  4A) . However, we did not observe an additive increase when both TLR-L were injected in combination. Therefore, introducing TLR-L and virus through the s.c. route affects splenic APC within 24 h by increasing CD86 expression, which is indicative of a more activated pAPC phenotype. We asked if TLR-L administration influences the presentation of NP396, as it appeared to be the epitope most affected by TLR engagement. Here, we injected mice as described above and measured antigen presentation by splenic APCs 24 h p.i. using NP396-specific CTLs (Fig. 4B) . The results show that TLR2 engagement significantly enhanced the presentation of NP396 epitopes compared to that of virus alone. However, when TLR3-L and TLR2-L were administered together, it was clear that TLR3-L abrogated this enhanced NP396 presentation. It is interesting that the dual administration of TLR3-L and TLR2-L did not significantly alter the presentation of the NP396 epitope compared to that of virus alone, even though APC activation was higher in the latter (Fig. 4A) .
Simultaneous TLR2 and TLR3 activation impairs LCMV-NP396 cross-priming in vivo. A potential explanation for the shift in immunodominance is due to the altered cross-presentation of the NP396 epitope, since cross-presentation is important for certain epitopes to attain higher positions in the immunodominance hierarchies (2, 9, 21, 22) . To test this hypothesis, we employed an in vivo cross-priming assay using HEK-NP cells as a source of exogenous antigens, which enables us to detect NP396 cross-presentation in vivo (2, 5) . Here, mice were injected s.c. with 5 ϫ 10 6 HEK-NP (2, 5) along with 100 g pIC or 20 g pam3cysk4 individually or in combination. After 7 days, we isolated splenocytes and cultured NP396-specific CD8 ϩ T cells before testing them in a functional ICS assay ( Fig. 5A and B) . We observed that TLR3-L reduced the cross-priming of NP396. Furthermore, this reduction in NP396 cross-priming was more significant when mice were treated with TLR2ϩ3-L. Therefore, the administration of TLR2ϩ3-L results in impaired NP396 cross-priming, which may have influenced its position in the immunodominance hierarchy during infection.
Administration of TLR2؉3-L downregulates cell-associated antigen uptake by APCs. It has been reported previously that 6 HEK-NP cells s.c. with or without pIC and pam3cysk4. After 7 days, splenocytes were isolated and NP396-specific T cells were cultured. Peptide-specific T cells were restimulated with the NP396 peptide and assessed for their capacity to produce IFN-␥. Dot plots represent cross-priming in one mouse. (B) Graphs summarize the data from three experiments (n ϭ 3 mice in each trial). Statistical significance of the comparison of TLR-L-treated to untreated mice is designated by an asterisk, and that for the comparison of combined TLR-L to single TLR-L is designated by two asterisks (significance is P Ͻ 0.05).
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on August 29, 2017 by guest http://jvi.asm.org/ reduced phagocytosis as a result of pAPC activation can downregulate cross-presentation (41) . Therefore, we determined whether combined TLR2ϩ3L influences antigen uptake by injecting mice i.v. with 4 ϫ 10 6 PKH2-labeled HEK cells along with 100 g pIC or 20 g pam3cysk4 individually or in combination (Fig. 6) . After 6 h, splenocytes were isolated from the spleen and stained with anti-CD11c or anti-CD11b antibody, and uptake was measured using FCM after gating on double positive cells. In the experiments depicted in Fig. 5 , antigen uptake by untreated mice was given an arbitrary value of 100, and changes in uptake by TLR-L-treated mice were plotted relative to this value. We observed that the administration of TLR3-L alone resulted in a decrease in phagocytosis, while administering TLR2-L increased phagocytosis. The increase in phagocytosis by TLR2-L again was significantly reversed in the TLR2ϩ3L condition. This reduction was also a statistically significant decrease in the phagocytosis of cell-associated antigens compared to that of untreated cells, which may contribute to the decreased cross-presentation of the LCMV-NP396 epitope.
Analyses of the conditions favoring altered immunodominance hierarchy when TLR-L is present. To test whether the altered immunodominance hierarchy is contingent on TLR-L being in the same environment as the virus infection, mice were injected with either TLR2ϩ3L followed by LCMV infection 3 days later or were injected with TLR2ϩ3L and LCMV simultaneously as in earlier experiments. When we analyzed immunodominance hierarchies of LCMV epitopes 8 days p.i., we observed similar downregulation of NP396-specific CD8
ϩ T cells and a shift in the immunodominance hierarchy when mice were injected with TLR2ϩ3L prior to virus infection (Fig. 7) . Therefore, TLR-L can affect antiviral immunity if they were present recently in the milieu before the infection occurs.
It is known that TLR2 and TLR3 signal through different pathways; TLR2 engages the MyD88 adaptor and TLR3 signals through TRIF (6). We asked whether lipopolysaccharide (LPS), which uses both signaling pathways, would shift immunodominance in a manner similar to that observed with TLR2ϩ3L administration. Here, mice were injected s.c. with 500 PFU LCMV and 10 g LPS, and immunodominance hierarchies were measured as described above 8 days p.i. The immunodominance profile observed with TLR4-L administration was unaltered, in that it was similar to that observed when mice were injected with virus alone, i.e., GP33 and NP396 assumed the immunodominant position and NP205 and GP276 were subdominant (Fig. 7) . Therefore, the altered immunodominance hierarchies were specific to the dual administration of TLR2-L and TLR3-L.
We sought to determine whether administering TLR-L in a different site from that for LCMV would result in altered immunodominance. Here, mice were injected s.c. with 500 PFU LCMV in the left flank and TLR2ϩ3L in the right flank. Eight days p.i., immunodominance hierarchies were measured in the spleen using ICS. We observed a slight downregulation in the percentage of NP396-specific CD8 ϩ T cells; however, this did not result in a shift in immunodominance hierarchies where NP396 becomes subdominant to GP276 (Fig. 7) . Therefore, the effects of dual TLR2ϩ3L need to be close to the location where virus infection occurs to alter the immunodomi- FIG. 6 . Combined TLR engagement downregulates phagocytic ability of APC. Mice were injected with pIC (100 g) and pam3cysk4 (20 g) individually or in combination, along with 4 ϫ 10 6 PKH2-labeled HEK cells for 4 h. Splenic APC were isolated and stained with anti-CD11c or anti-CD11b and analyzed with FCM by gating on APC that have taken up HEK cells. Graphs summarize the data Ϯ standard deviations from three experiments (n ϭ 3 mice in each trial) and represent the relative percentage of phagocytosis compared to that of untreated mice, which were assigned an arbitrary value 100. For statistical analysis, significance was depicted by an asterisk in comparisons of TLR-L-treated and untreated cells (P Ͻ 0.05).
FIG. 7.
Analyses of the conditions that favor changing immunodominance hierarchies during viral infection. Mice were injected with 500 PFU LCMV-WE and TLR2ϩ3L with TLR4-L (10 g) simultaneously or TLR2ϩ3L 3 days prior to virus infection. For different flank conditions, mice were injected with virus in one flank and TLR2ϩ3L in another flank. Eight days p.i., LCMV-specific CD8 ϩ T cell responses were estimated using ICS. The data are representative of three experiments. For immunodominance analyses of TLR-L-treated and untreated mice, the change in the profile where NP396 becomes subdominant was depicted by an asterisk. nance hierarchies, presumably because the pAPC activation will be occurring in this locale.
DISCUSSION
Recently, TLR11 was reported to regulate the CD4 ϩ T cell immunodominance hierarchy, suggesting a novel mechanism by which TLR-L can influence adaptive immune responses (42) . Moreover, combined TLR2ϩ3-L stimulation in a peptide immunization model induced better protection against subsequent recombinant vaccinia virus infections that expressed the same peptide (45, 46) . Here, we questioned if the presence of TLR-L during viral infections could influence CD8 ϩ T responses against several epitopes from LCMV and if it can affect CD8 ϩ T immunodominance hierarchies. We employed ligands that activate TLR2/1 or TLR3 and signal through the MyD88-dependent pathway and the TRIFdependent pathway, respectively (6). When we examined the effects of administering TLR-L individually, we observed that administering TLR3-L showed a delay in the expansion of CD8 ϩ T cells specific for the LCMV epitopes at day 8; however, by day 12, CD8 ϩ T cells reached high numbers. On the other hand, in the case of TLR2-L, CD8
ϩ T cells expanded earlier and declined by day 12. The differences in CD8 ϩ T cell profiles observed between days 8 and 12 could be due to changes in the migration and activation kinetics of CD8 ϩ T cells. CD8 ϩ T cell migration can be affected by factors which include cytokines and virus load (43) . TLR2-L and TLR3-L can induce the release of different sets of cytokines (25, 34) that could contribute to the results we observed. Supporting this notion, the virus titration data indicate that mice injected with TLR2-L clear infection quicker than mice injected with TLR3-L, suggesting that administering TLR2-L aids in CD8 ϩ T cells expanding earlier and clearing virus sooner.
We examined if combined TLR-L administration can influence LCMV-specific CD8 ϩ T cell immunodominance hierarchies. Based on several reports examining CD8 ϩ T cell responses (37, 45, 46) , one would expect an overall boost in T cell responses when more than a single TLR-L is present. Surprisingly, we observed that dual TLR2 and TLR3 stimulation alters immunodominance hierarchies of LCMV epitopes due to reduced NP396-specific CD8 ϩ T cell responses, causing the epitope to become subdominant. Furthermore, there was a shift of a subdominant epitope, GP276, into the ␤ position in the immunodominance hierarchy of the epitopes examined. Thus, there was a newly formed hierarchy where LCMV-GP33 Ͼ GP276 Ͼ NP396 ϭ NP205. Interestingly, the effect of dual TLR2 and TLR3 engagement on CD8 ϩ T cell responses was limited to the NP396 epitope, as TLR2ϩ3-L did not reduce the overall CD8 ϩ T cell numbers recovered from the spleen. In our study, we found that dual TLR2 and TLR3 stimulation had a deleterious, albeit small, effect on the cytolytic activities of NP396-specific CD8
ϩ T cells at day 6 p.i., probably because of the smaller number of cells that had expanded at this point. This may be related to the affected virus load, since NP396-specific CD8 ϩ T cells are important for virus clearance during LCMV infections (24) . It is important to point out that if the NP396-specific CD8 ϩ T cells reach a high enough number, and although they reached a lower position in the hierarchy, the efficient killing of targets was observed. This is probably due to the high efficiency of NP396-specific CD8 ϩ T cells to lyse NP396-labeled target cells once they passed a certain threshold in their numbers. However, this situation might dramatically change if the host was suffering from a chronic infection with an overwhelming TLR2-L presence in the environment.
The reduced NP396-specific CD8 ϩ T cells in the dual condition (TLR2-L and TLR3-L) in the presence of virus infection may have been associated with an overactivation of pAPC and therefore a reduced efficiency in cross-presentation. In this scenario, NP396-specific CD8 ϩ T cell priming and activation would be adversely affected because of reduced cross-presentation during the priming stages. This proposal is based on the findings that the activation of CD8 ϩ T cells specific for certain immunodominant epitopes need efficient cross-presentation to attain immunodominant status (2, 9, 21, 22) . Importantly, as the other LCMV epitopes, which include NP205, GP33, and GP276, are not efficiently cross-presented (2), the number of CD8 ϩ T cells specific for these epitopes would be minimally affected by combined TLR administration. Therefore, altering the pAPC ability to cross-present antigens via TLR activation could influence mainly the immunodominance of the NP396 epitope.
Interestingly, we also observed that TLR3 stimulation reduced the cross-priming of cell-associated antigens. These findings are supported by previous reports suggesting that exposure to TLR3-L alone induces the maturation of DC, which are in turn partially impaired in their capacity to cross-present antigens (11, 41) .
In contrast to two recent findings (23, 31) where TLR2 stimulation either inhibited (31) or enhanced cross-presentation (23), we did not record a significant influence of TLR2-L in our model in vivo. Several reasons can account for these differences; for instance, it could be because the results are dependent on which pAPC population was studied. Harding's group examined cross-presentation using BMDCs, and Behrens' group used splenic DC subsets. Different DC subsets differ in their TLR expression profile (14, 19) , therefore pAPCs may differ in their capacity to cross-present antigens in response to TLR stimulation. Second, TLR2 stimulation may differentially influence the outcome of cross-presentation based on the type of ligand used. For instance, Harding's group employed a TLR2/1-L (31) that is similar to the constructs of our study and in contrast to the TLR2/6-L construct used by Behrens' group (23) . In support of this hypothesis, different outcomes due to TLR2/1 versus TLR2/6 activation have been reported recently (46) , in addition to unpublished data from our laboratory that demonstrates that TLR2/1 and TLR2/6 differ in their downstream immune responses (data not shown). Another reason that accounts for the observations is linked to the possibility that TLR engagement differentially influences cross-presentation based on the form of antigen employed, as both of the reports discussed above (23, 31) used soluble OVA as a source of antigens and our study employed cell-associated antigens. This suggestion is supported by recent reports which showed that soluble antigen cross-presentation is enhanced by pIC (8, 16, 28) , while studies employing cell-associated antigens observed a TLR3-induced reduction in cross-presentation (11, 41) .
We observed that the cross-priming of NP396 epitopes was further downregulated due to combined TLR2 and TLR3 stimulation. These results correlate with our immunodominance findings, in which we observed that NP396-specific CD8 ϩ T cells were further reduced under these conditions, leading to a shift in the immunodominance hierarchy. We confirmed that the direct presentation of NP396 epitopes was unaffected by combined TLR2ϩ3 stimulation, as previously demonstrating in vitro by our group (29) . This probably explains why we observed that NP396-specific CD8 ϩ T cell responses were reduced but not completely obliterated. The reduced NP396-specific CD8
ϩ T cell response after combined TLR2ϩ3-L administration was accompanied by the increased expansion of GP276-specific CD8 ϩ T cells, possibly explaining why we did not observe differences in the overall CD8 ϩ T cell numbers. Interestingly, in contrast to our previous in vitro studies (29) , we observed an increase in the presentation of NP396 epitopes on TLR2 stimulation, possibly because the TLR2-L used in these experiments were different.
As antigen uptake is needed for cross-presentation to occur (4), we investigated the influence of combined TLR2 and TLR3 stimulation on the phagocytosis of antigens. We observed that TLR3 engagement inhibited the phagocytosis of antigens by DC, while TLR2 stimulation had no effect. These observations are supported by earlier studies showing that TLR-L which signal through the TRIF-dependent pathway inhibit antigen uptake, and those TLR-L that are limited to signaling through the MyD88-dependent pathway have no effect on antigen uptake (38, 41) . Moreover, we observed that combined TLR2 and TLR3 stimulation also showed inhibition in antigen uptake. However, we did not observe any statistically significant differences in antigen uptake when we compared TLR2ϩ3 stimulation to TLR3 stimulation alone. It is possible that TLR-L influences cross-presentation through antigen uptake as well as by altering other parameters, such as phagosomal pH through NOX2 activation (3, 35) . Increased NOX2 activity could exacerbate antigen degradation, which in turn reduces the amount of antigen available from cross-presentation (1, 27) .
Another interesting observation we made in this study revealed that even if the TLR-L were administered a few days prior to virus infections, immunodominance was affected. This indicates that if the environment where virus entry occurred was previously in a state of activation due to the presence of TLR-L, one then could expect a significant influence on antiviral responses, which is an important concern for people suffering coinfections within a short time span. Finally, we could not recapitulate our findings when activating MyD88-and TRIF-dependent signaling pathways with LPS, which suggests that the nature of how TLR-L influence additional immune parameters such as cytokine production (26, 29) also is critical to how the immunodominance hierarchies are regulated. Moreover, unique cytokine profiles of individual TLR-L could influence immunodominance hierarchies, in addition to antigen presentation, by modifying APC or T cell migration patterns and T cell proliferation (10, 18, 43) . Future work needs to be directed at clarifying the relative contribution of each of these factors to formulate conclusive answers regarding the role of TLR-L influence on CD8 ϩ T cell immunodominance. Interestingly, in contrast to NP396-specific CD8 ϩ T cells, we did not observe any differences in the expansion of GP33-specific CD8
ϩ T cells when mice were injected with dual TLR2-L and TLR3-L. This is likely related to the fact that even though GP33 is cross-presented (2, 22) , it does so with lower efficiency than NP396 (2) . Moreover, since GP33-specific CD8 ϩ T cells are found at a high precursor frequency in vivo (15) , any reduction in GP33 cross-presentation is likely to have a less negative effect than that of NP396 on the activation and expansion of T cells.
In summary, this study established that combined TLR2 and TLR3 engagement alters the immunodominance hierarchy of virus-specific T cells. We elucidated that the shift in immunodominance was due to reduced antigen uptake and the cross-presentation of antigens, which affected an immunodominant epitope that usually is efficient at accessing cross-priming. Our data are significant because they defined a new function for TLR signaling in regulating the presentation of viral epitopes and how they affect CD8 ϩ T cell immunodominance.
